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■ Abstract 

O 

P^" We reappraise the flavour changing neutral currents (FCNC) problem in string-derived 
P_^' supergravity models. We overview and classify possible sources of flavour violation and 
^ • find that the problem often does not arise in classes of models which generate hierarchical 
Yukawa matrices. In such models, constraints from the K— and D— meson systems leave 
room for substantial flavour non-universality of the soft terms. The current S— physics ex- 
^ ■ periments only begin to probe its natural range. Correlations among different observables 
can allow one to read off the chirality structure of flavour violating sources. We briefly 
discuss the lepton sector where the problem of FCNC is indeed serious and perhaps points 
at an additional symmetry or flavour universality. 



1 Introduction 

The purpose of this paper is to classify different sources of flavour violation in super- 
gravity (SUGRA) theories and study the FCNC problem associated with these sources. 
Concerning the latter, it is important to ask the "right" question, that is, how problematic 
are the FCNC in models that successfully generate the Yukawa matrices rather than in 
some "generic" framework. 

The strategy we pursue in this paper is as follows. First, we classify various sources of 
flavour violation in general supergravity models. We concentrate on certain "benchmark" 
textures of the soft terms. Then, using a number of representative Yukawa textures, 
we evolve the soft terms to low energies and study implications of the generated flavour 
changing neutral currents. In some cases such as models with flavour violation through the 
Kahler potential or democratic Yukawa textures, the problem is severe. On the other hand, 
when flavour structures are due to different localizations of matter flelds in the compact 
space, the FCNC are well suppressed. This is in fact a common situation in string models 
which produce the Yukawa coupling hierarchy (e.g. heterotic string or intersecting brane 
models). In string theory, the mechanisms that can generate the fermion mass hierarchy 
are quite constraining. As a result, the soft supersymmetry (SUSY) breaking terms 
in superstring derived SUGRA models are of special forms and the problem of FCNC 
becomes mild or simply disappears. A natural consequence of such models is that the 
mixing between the second and third generation squarks is expected to be substantial and 
to lead to effects potentially detectable at i?— factories. 

We briefly discuss the lepton sector in which a different picture emerges and the 
expected flavour violation exceeds the experimental limits. This perhaps signals an addi- 
tional symmetry or flavour universality of the soft terms, which will be probed further in 
the upcoming round of /i ^ 67 experiments. 

Finally, we discuss how correlations among various 5— physics observables would allow 
one to pinpoint the source of flavour violation. 

2 Classification of flavour-violating sources in super- 
gravity 

The = 1 supergravity Lagrangian is determined by 3 functions: the Kahler potential 
the superpotential W and the gauge kinetic function / (see [T] for a review). These 
are functions of the hidden and observable sector fields. Since the characteristic mass 
scale of the observable fields 0" is much smaller than the Planck scale, one can expand 
K and W as 




1 



W = W + i/ia/30>^ + \yaP^yr<P^(P + ... , (1) 

where all parameters are generally functions of the hidden sector fields. Once the hidden 
sector fields develop (large) vacuum expectation values, these parameters will play a role 
of various couplings in the observable sector. Generally, the resulting kinetic terms for the 
observable sector fields are neither canonical nor diagonal, so in order to obtain physical 
fields, further diagonalization and rescaling are required. 

The soft SUSY breaking terms are obtained from the general supergravity scalar po- 
tential by fixing the gravitino mass m^i2 and the VEVs of the hidden sector fields, while 
sending the Planck mass to infinity, Mpi ^ oo [2l E] . The fermion Yukawa couplings are 
then rescaled as 

W* 
\W\ 

The resulting soft SUSY breaking potential relevant to fiavour physics is given by {4] 



y'c.p, = ^^""^'yc^fs, ■ (2) 



V^oft = '«|/30*>^ + 77 A/370>^0^ + H.C. , (3) 



where 



'-h = (^3/2 + Vo)K^p - F^F^idmdnKap - K^' d^K^, dnK-.p) , 



\W\ 

- [k'-p dmk-p^ 3^5/37 + {a^l3) + {a^ 7))] . (4) 

Here Vq is the vacuum energy, dm denotes differentiation with respect to the m-th hidden 
sector field {Km = dmK), F"^ are the SUSY breaking F— terms and K^^ is the inverse of 
the Kahler metric Kg^. 

Let us now make our notation more transparent. Greek indices a, . . . run over all 
MSSM ^ superfields. However, only fields with appropriate quantum numbers can couple 
together. For instance, the Kahler mixing is allowed only for fields with the same SM 
quantum numbers, i.e. only intergenerational mixings of Qi, Ui, Di (2=1,2,3) are per- 
mitted. The allowed Yukawa couplings in the quark sector are of the type QiDjHi or 
QiUjH2. In the Yukawa matrices and the A— terms, it is convenient to fix the notation as 
follows: the first index is to refer to the quark doublets, the second to the quark singlets, 
and the last to the Higgs field, e.g. Yq-d.^i = Y^j. 

Physical fields are obtained by diagonalizing and rescaling the Kahler metric responsi- 
ble for kinetic terms of the observable sector fields. The canonically normalized superfields 
if"' {a = Q,D,U) are given by 

0" = H^'if" (5) 

^For a review, see j^. 
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(no summation over a), with 




H"^ = V'' dmgl ^,^,^ \ . (6) 



Here V are 3x3 unitary matrices diagonalizing the appropriate subblocks K^^^ of the 
Kahler metric and K^_2 are the corresponding eigenvalues, 

{Vyk^V^ = dmg(j{'^,k^,k^^ . (7) 

The Yukawa couplings and the soft terms transform correspondingly, such that the seven 
physical 3x3 flavour structures are 

A" = —^{H''fA''H'' , A'^ = -^={mYA'^H'^ , (8) 



where the factors 1/ y Kh^ ^ account for rescaling of the Higgs fields. These structures are 
the sources of fiavour violation in the MSSM. Clearly, fiavour dependence in the Yukawa 
matrices is mandatory, whereas the soft terms serve as additional sources of fiavour vi- 
olation. The underlying reason for these additional sources is the Kahler potential and 
Yukawa couplings dependence on the hidden sector fields: indeed, as seen from Eq. if 
the Kahler metric for observables fields and the Yukawa couplings were mere constants, 
the soft masses would be proportional to the unit matrix in the physical basis and the 
A— terms would be proportional to the Yukawa matrix. 

Generally, fiavour structures of the soft masses and the A— terms are independent. 
In particular, unlike the soft masses, the A— terms receive a contribution from 9m3^a/3^. 
Thus, even if the Kahler potential is trivial, the A— term structure can be quite rich. 

It is also manifest from Eq. (jH) that a non-trivial Kahler potential generally induces 
fiavour violation in both the soft masses and the A— terms. Yet, it is conceivable that such 
fiavour violating terms may cancel out in the A— terms, due to some deeper dynamical 
reason. The soft masses would then be the only source of fiavour violation (in addition 
to the Yukawa couplings). 

In general, the soft breaking terms violate CP. CP violating phases have two sources. 
Firstly, they are induced by complex SUSY breaking F— terms, F'", which also generate 
CP phases in fiavour-independent quantities such as gaugino masses, the //-term, etc. Sec- 
ondly, CP phases appear due to complex SUSY preserving quantities such as the Yukawa 
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couplings and the Kahler metric^. Both sources are problematic for phenomenology, which 
will be discussed below. 

Clearly, there are many possibilities which have different motivations and distinct 
phenomenology. Below we classify them. 

2.1 Flavour violation through the Yukawa couplings only 

It is possible that flavour dependence does not appear in the soft terms [Z|. This occurs, 
for example, when 

F^d^K^p = F'^F^dmdnK^p = F^'d^y^p, = . (9) 

This essentially means that the hidden sector fields that generate flavour dependence do 
not break supersymmetry. 

The most common example of this situation is the dilaton dominated SUSY breaking 
scenario jS|. In this case, the only SUSY breaking held is the dilaton S which produces 
no flavour dependence, 

^ 0, F'" = for m ^ 5 . (10) 

Then, the soft terms are universal at the string scale and we have a version of the minimal 
supergravity (minimal SUGRA) model with the sfermion soft terms parametrized by ml 
and Aq: 

i'rnQ,u,D)ij = Sij > = ^0 Y;^'"^ . (11) 

2.2 Additional flavour violation in ^4— terms only 

If, for example, 

F'^dmy'aP^ 9^ 3^a/37 , (12) 

but 

F'^dmK^p cx F'^F'^drndnKap oc K^p , (13) 

flavour dependence appears only in the A— terms [H]. This means that the hidden sec- 
tor flelds responsible for flavour dependence of the Kahler potential (if present at all) 
do not break supersymmetry and, moreover, are different from those generating flavour 
dependence of the Yukawa couplings. 

This is a rather common situation in string models. Indeed, the A— terms are trilinear 
parameters and are closely related to the Yukawa couplings, whereas the soft masses are 
bilinear and more akin to the Kahler potential. Thus, generally, they are not directly 
related to each other. 

^The reparametrization invariant measures of CP violation are given by quantities of the type 
Arg(yl*^^3^a/3^) |2j. These can be non- vanishing even if all F™ are real. 
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For example, in the heterotic string models the Yukawa hierarchies are naturally pro- 
duced if the matter fields are twisted pj-jTT], i.e. localized at special points in the com- 
pactified space. In such models, the hidden sector field that enters the Yukawa coupling 
is the T— modulus, yap-y = ya/s-yiT). Generally, 

^ (14) 

and 9m3^a/37 are not proportional to 3^0/3^, which leads to non-trivial A— terms. On the 
other hand, the Kahler metric is diagonal for twisted states and depends on modular 
weights of these states: 

kal3 = S^f3iT + fr- , (15) 

The modular weights Ua are constrained by the string selection rules for the Yukawa 
couplings (see e.g. [12]) and are typically generation-independent. The reason is that 
to obtain a non-trivial structure of the Yukawa couplings and/or CP violation at the 
renormalizable level often requires the quark fields of different generations to belong to 
the same twisted sector^ (see e.g. [HI [THl E]). Consequently, these quark fields have the 
same modular weights. (In any case, the modular weights can only be —1 or —2 for non- 
oscillator states Oscillator states usually correspond to SM singlets.) As a result, 
in these models the Kahler metric is generation-independent. The Yukawa couplings at 
(T) ~ 1 are given by 

ya(3^ ~ e-""-^-^ (16) 

with order one coefficients K^iB-y, and a nontrivial fiavour structure of the A— terms results 
from 

yaP^F' . (17) 

Analogous results hold for the Yukawa matrices generated by the Froggatt-Nielsen mech- 
anism, in which case U{1) charges play the role of Kais-y- 

Similarly, in semirealistic brane models (for a review, see [^) the Kahler metric for 
matter fields is often diagonal and generation-independent. For instance, replication of 
families naturally appears in intersecting brane models with different generations located 
at different intersections of the same branes |IZ|-[IS1- The Kahler metric is then diagonal 
and depends on the intersection angles (and moduli) [201 but is the same for fields of the 
same type belonging to different generations. Thus, the situation here is similar to the 
one in the heterotic string case. 

The resulting soft masses are generation-independent at the string scale (although 
they can generally be different for up and down squarks, and for left and right squarks), 
while the A— terms can have a rich fiavour structure due to Eq. (fT^ . Thus, the string 
scale soft breaking lagrangian is parametrized by 

i^Q,U,D)ij = ^Q,U,D ^ij 5 ^ij ' (18) 

in addition to fiavour-independent parameters. 

^This is always true in prime orbifolds since there is only one twisted sector. 
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2.3 Additional flavour violation in the Kahler potential only 



If the Kahler metric has a non-trivial generation dependence, e.g. 

F'^d^k^p gt , (19) 

both the scalar masses and the A— terms have a non-trivial flavour structure. This sit- 
uation can occur, for example, in the heterotic string if the quark field modular weights 
Ua are generation-dependent (see Eq. (fT5|) ). The non-trivial flavour structures arise then 
from 



Am|^ = riaka/S 



?T\2 



AAo^p^ = -(n, + np + n^)yap^ — -= -j-e^^' . (20) 

i + -L \W\ 

Here the modular weights are order one integers. Their typical values are —1 and —2 due 
to non-oscillator nature of the SM matter. 

The Kahler metric is the only source of SUSY flavour violation if 

F'^d^y^p^ oc y^p^ . (21) 

For example, the contribution F"^dmyai3'y to the A— terms vanishes if the Yukawa struc- 
ture is generated as in the Froggatt-Nielsen models [21] by non-renormalizable couplings 
through the vacuum expectation value of a scalar field which does not break supersym- 
metry. One then has 

yaf3y = yapM , = . (22) 



Since in the case discussed above the Kahler metric is diagonal, the soft mass terms 
are also diagonal, but generically nonuniversal. In contrast, the A— terms can be quite 
complicated due to the generation dependence of the modular weights (see e.g. [SI)- 
More complicated, non-diagonal soft mass terms can be obtained, for instance, in com- 
pactifications of the ten dimensional heterotic string on {T2/Z3Y orbifolds, where T2/Z3 
are compact complex spaces ("planes") obtained by dividing complex tori T2 by a discrete 
group Z3. In this case, the three generations of untwisted matter superfields can be asso- 
ciated with the three "planes" T2/Z3 according to their holomorphic indices. The Kahler 
metric is then non-diagonal and is given by 

k^p = (ReMa^)-i , (23) 

where a, P = 1,2,3 and the 9 moduli M^p parametrize the sizes of the compactification 
tori and the angles between the three "planes" T2/Z3 (see e.g. [TT]). In such models, the 
soft terms will have a richer non-diagonal fiavour structure depending on specific values 
of the moduli. 
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An interesting possibility is that non-trivial flavour dependence drops out of the 
y4— terms, but remains in the soft mass terms. This occurs, for instance, if the vacuum 
expectation values of the moduli flelds take on special values such that 

F^'F^dmdnkap ^ K^p (24) 

and the flavour dependence appears only through the second derivatives. Then, the 
y4— terms are proportional to the Yukawa couplings while the soft masses are general. 

We conclude that flavour violation through the Kahler potential generally leads to a 
complicated non-diagonal structure of the soft terms. The squark mass matrices and the 
y4— terms are correlated, although this correlation can be far from transparent. The string 
scale soft breaking lagrangian is parametrized by 

i™Q,U,D)ij 5 ^ij ■ (25) 

Two interesting special cases are: (i) diagonal soft masses with general A— terms, 

i''^Q,U,D)ij = i™Q,U,D)i ^ij 5 ^ij y (26) 

as in Eq. (|2n|l . and (ii) general soft masses with universal A— terms, 

iK,u,Dh^ A^f = A-'' Y:;'' , (27) 

as in Eq. (l24ll . 

2.4 Both additional sources present 

This is a general case and not much can be said here apart from what already appears 
in Eq. Special cases have been covered in previous subsections. The string scale soft 
breaking lagrangian is general and is parametrized by 

iml,u,nh, Af. (28) 

2.5 Summary of the textures 

The above discussion leads us to the following supergravity benchmark textures: 

(A) : complete universality : 

ml, Aq 

(B) : generation independent scalar masses and general A — terms : 
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ml, ml, ml, A^, A% 



(C) 




(D) 



(E) 



("^Q)«i' ij^'u)iji {'^'0)131 "^l^ji ^ij ■ 



Textures (D) and (E) also include the possibility that the soft masses and the A— terms 
are correlated, as in the case of flavour violation through the Kahler potential (Eq. (f2n|l ). 
As texture (C) we choose a restricted version of the Ansatz (f27|) with diagonal squark 
masses. Here we neglect supergravity radiative corrections which can be considerable in 
certain models fl^ . 

In what follows, we will study experimental constraints on the above textures and 
discuss how to distinguish them. They serve as boundary conditions at high energies and 
evolve with the energy scale. At the electroweak scale, each texture leads to a specific 
pattern of the mass insertions (or, more generally, flavour matrices at the interaction 
vertices). The main features of the resulting patterns can be summarized as follows: 

(A) : very little flavour changing 

(B) : small LL, RR and signiflcant LR, RL flavour changing 

(C) : substantial LL, RR and small LR, RL flavour changing 

(D) : substantial LL, RR, LR, RL flavour changing 

(E) : substantial LL, RR, LR, RL flavour changing 

Here LL and RR refer to chirality conserving flavor changing transitions in the left- 
and right-handed sectors, respectively. LR and RL refer to chirality flipping flavor chang- 
ing transitions. For textures (C) and (D), LL/RR flavour changing results from non- 
universality of the soft masses at the string scale, that is, their departure from the form 
(fTHll . Note that order one non-universality applies to mf rather than mi, which makes a 
considerable difference for the FCNC analysis. 

Since different physical processes are sensitive to different types of mass insertions, 
the above textures (perhaps except for (D) and (E)) are distinguishable given enough 
experimental information. 
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3 Low energy effects of the textures 



In this section, we recall the steps which are necessary to obtain the low energy man- 
ifestations of textures (A) to (E) and discuss their main consequences. First of all, as 
we have already mentioned, each texture evolves with the energy scale and this evolution 
is described by the renormalization group (RG) equations. Different soft supersymme- 
try breaking terms evolve differently. The evolution from the GUT scale down to the 
electroweak scale mainly amounts to adding flavour-universal contributions to the squark 
mass matrices and the A-terms. These are due to gluino loops and grow with the gluino 
mass. The main effect of these contributions is that the average squark masse M increases 
significantly. This has two important consequences: firstly, the mass insertions decrease 
as and, secondly, the bounds on the mass insertions relax as M or M^. Both of 

these effects make the FCNC problem milder |24| . 

To deal with complicated flavour structures it is convenient to employ the mass inser- 
tion approximation (although sometimes it may not be precise enough). The mass 
insertions are defined in the super-CKM basis, i.e. the basis in which the quark mass 
matrices are diagonal and positive, 

= diag(/i,, hs, h) , (29) 

where hi denote the physical quark Yukawa couplings. To preserve the diagonal flavour 
structure of the supergauge vertices, the squark fields are rotated in the same fashion as 
the quark fields. Thus, we have the following superfield transformations: 

— ^ V^j^ Ul,r , 
Dl,r Dl,r . (30) 

In this basis, the mass insertions at the electroweak scale are given by 

i^lvh^^-^, ^^J, (31) 

where Ai^i, -M^r, -M^r and A1^'^ are the 3x3 blocks of the full up and down squark 
mass squared matrices (see e.g. [211) and M is the "average" squark mass appropriate 
for a given mass insertion. The mass insertion approximation works well when the mass 
insertions are significantly smaller than unity and the splittings among the eigenvalues 
of the mass matrix are significantly smaller than the eigenvalues themselves. The squark 
propagator in the mass insertion approximation has an expansion 

{q^qD = 7 — ^ (32) 

Pl-M2l-5m2) 

/a/3 

i ^ i 



l«/3 + .,o \~..^. ^^Ip + 77-. 77771 ^^ll + • • • 
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where a,f3 are indices of the 6x6 mass matrices. If the linear in Sm"^^ term happens to 
vanish for some a, /3, the leading contribution is provided by the "effective" mass insertion 
^a/B ~ SajS'yis- Howcvcr, this Combination is not completely equivalent to a single mass 
insertion 6af3 due to a different momentum dependence of the relevant loop integral. 

It is important to note that since the super-CKM basis is defined only up to a phase, 
one must also fix the CKM phase convention p], which we take to be of the Wolfenstein 
type. 

Let us now discuss some features of SUSY fiavour structures in the super-CKM basis. 



3.1 ^4— terms in the super-CKM basis 

In order to study the LR sector, it is convenient to factor out the Yukawa couplings from 
the y4— terms (see Eq. (ji))), 

AU,d ^u^d -tT-u^d fQQ\ 

Deviations from universality are then encoded in the matrix A^^'^, which in the universal 
case has all entries equal: A^j'^ = A^''^. 

Unlike A^^"^, matrix elements of A^j"^ are typically C(l) times an overall scale factor 
which is determined by the SUSY breaking scale and is usually of the order of the 
gravitino mass 171^/2. For instance, in the heterotic string Yij ~ e~°'^^'^ with aij of order 
one and T being the vacuum expectation value of the T— modulus. The non-universality 
of Aij is in this case given by dr^iaYij ~ aij, or, for non-universal modular weights Ui, by 
Hi + rij. In the case of the Froggatt-Nielsen mechanism, the role of aj/s is played by the 
U{l)x charges, with the same conclusion |22j-^2£|. The amount of non-universality may 
reduce for democratic Yukawa textures, due to smaller values of the effective a^j's, but 
this is a model-dependent issue. 

The A— terms undergo RG evolution to low energies with the dominant contribution 
coming from gluino loops, which has an "aligning" effect similar to those for the squark 
mass matrices. Upon going over to the super-CKM basis, the A— terms transform just as 
the Yukawa matrices do, 



A" — ^ ( A" V, 



^cff Ad 



4 ^ [^L A' V^)^^ . (34) 



In this basis, A^f are generally non-diagonal and the resulting flavour-changing mass 



insertions are {i 7^ j): 

4 u,d 

i;u,d^ ^ J SCKM ^gg^ 



'LR 



Jij M2 
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where Vu,d are the Higgs VEVs and M is the appropriate average squark mass at the 
electroweak scale. To discuss orders of magnitude of various insertions it is instructive to 
write 

= scale factor x ( ctj,- + f3ij he + 7j,- ht ) , (36) 

SCKM \ / 

and similarly for the down sector. Here aij, (3ij, 'jij are model dependent < 0{1) coeffi- 
cients parametrizing departure from universality. In the universal case, 

ail = 1 and otherwise , 

P22 = 1 and otherwise , (37) 
733 = 1 and otherwise . 

This representation of the A— terms is useful for estimating typical magnitudes of the LR 
mass insertions. Since A^j"^ are of order unity, A^j'^ have a similar structure to that of the 
Yukawa matrices and the misalignment is characterized by deviation of a^, (3ij, 'jij from 
the universal limit (f37ll . This deviation is expected to be small if the Yukawa matrices 
and the A— terms are diagonalized by small angle rotations, which is often the case for 
hierarchical Yukawa textures. This ceases to be true in the case of democratic textures. 

An interesting limiting case is matrix-factorizable A— terms, i.e. such that they can be 
written as 

in the matrix sense with B^f and C^-'^ < C'(l) times a scale factor. In this case. 



= 5" 

SCKM 
d 



SCKM 



■ diag(/i„, he, ht) + diag(/i„, h^ ht) ■ (39) 



SCKM 



and 

SCKM 



have elements of order < C(l), again up 

SCKM 



and similarly for A . Here 5" 

to an overall scale. This implies, for instance, that the (12) element contains contributions 
only from hu and h^, the (11) element - only from hu, etc., and 



AU 



< scale factor x (0(1) hi + 0(1) hA . (40) 

SCKM 



This limits the magnitude of the LR mass insertions for the first two generations and makes 
the SUSY FCNC problem less severe. Obviously, this situation occurs in the universal 
case. Other examples include models in which the Yukawa hierarchy is produced via a 
Froggatt-Nielsen field and models with non-universal modular weights fEq l2n|l , such that 
Aij = tti + bj (see also |S)|)- We also note that the form (jin| is favoured by the absence 
of charge and color breaking minima in the scalar potential |31| . 

Finally, a useful estimate of the mass insertions is obtained by setting the overall scale 
of the A— terms (and the /x-term) to be equal to the average squark mass. Then, for the 
up sector, 

i^LRh ~ «u ^ + Ai ^ + lij ^ ■ (41) 
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3.2 LL and RR sectors in the super-CKM basis 



Upon going to the super-CKM basis, the LL and RR blocks of the squarlt mass matrix 
are rotated as 

{M-'%n — VJi'' \M-'%n V^'' . (42) 

The squark mass squared matrices (A^"'^)ii and (A^"''0/?ii> at the electroweak scale are 
determined by the original textures (A)-(E) and by the RG evolution. For textures (A)- 
(D) , these matrices are diagonal and therefore remain approximately diagonal after the RG 
evolution. Flavour violation at the electroweak scale is due to the rotations to the super- 
CKM basis. We can easily estimate the order of magnitude of the expected effects. Let 
us assume for a moment that the first two and the third generations do not communicate 
and consider the (12) block, 

Parametrizing the orthogonal rotation matrix Vl by cos^ and sin^ in the usual fashion, 
we get 

{Sll)i2^cos0 Sine (44) 

in the super-CKM basis, with Am^ = ml — ml and = |(m^ + ml). Thus, small 
mass insertions are obtained for nearly degenerate masses mi and m2 and/or for a small 
rotation angle 9. 

Consider now the case of 3 generations with the first two being degenerate, 

/ml \ 
ML = ml . (45) 

V miy 

When the rotation matrix Vl is well approximated by the CKM matrix, we have 



{Sll)i2 ~ 10-^ e^'"(i) 



M2 ' 



{Sll)is - 10-^ e^^W ^ , (46) 

/'A ^ in-2 ^0(10-1) 
{dLLhs ~ 10 e ^ , 

where Am^ = ml — m\ and M is the average squark mass. This gives a good idea of the 
expected magnitude of mass insertions in the case of a small angle rotation, but can be 
drastically different for textures requiring a large angle rotation. 

As we will see, FCNC constraints require mass insertions in the LL and RR sectors 
to be quite small but, nevertheless, leave room for departures from degeneracy of the 
eigenvalues, particularly for small rotation angles. 
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In the most general texture (E), the flavour ofl'-diagonal entries of the squark mass 
squared matrices are present already at the high energy scale. Their RG evolution is not 
important, so at the electroweak scale they remain of similar order of magnitude. Fur- 
thermore, barring accidental cancellations, the rotations to the super-CKM basis do not 
change the qualitative picture. The only important effect is the increase of the flavour- 
diagonal entries due to the RG running, which reduces the magnitude of the mass in- 
sertions. Taking this into account, experimental constraints on the off-diagonal LL and 
RR mass insertions can be applied directly to the high-energy texture (E). The result 
is that such insertions have to be small and generic textures (E) are inconsistent with 
experiment. 

It is possible that the soft breaking terms and the Yukawa matrices align due to some 
horizontal symmetry, resulting in suppressed mass insertions. In this paper, we will take 
a conservative view and will not pursue this option further. 



3.3 Yukawa textures 

An important issue to address is dependence of SUSY FCNC on Yukawa textures. To 
cover both ends of the spectrum, we take a few representative examples with both small 
and large angle rotations. 

(i) . The simplest texture. 

The simplest texture contains no extra parameters beyond those already present in the 
CKM matrix and quark masses:^ 

y = — ?— r diag(m„, m^, rrit) , 
V sm p 

= — ^—3 VcKM diag(mrf, m,, rrib) , (47) 

U COS l) 

with f ^ = + fj and tan (3 = Vu/vd- To diagonalize these matrices, only a left handed 
rotation Vckm in the down sector is required. 

(ii) . A hierarchical texture. 

Hierarchical textures encode the hierarchy of the quark masses in a transparent manner 
and arise in various models. For example, they appear in string models due to the 
exponential dependence of the twisted sector couplings on moduli (for a recent analysis, 
see 1^2]) or due to a Froggatt-Nielsen type mechanism [33] . 

For definiteness, we use a set of textures from Ref. |31|- This is an SU(b) x U{1) 
model with order 0{\) coefficients chosen so that a good fit to the fermion masses and 

^An alternative texture of this sort, 1"" (x V^^j^^diag {mu,mc,mt), (x diag{md,ms,mh) would 
lead to smaller FCNC effects in the down type quark sector, which is constrained by experiment stronger 
than the up sector. 
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mixings is assured. The U{l)x charges are q = u = e = (3,2,0) and d = I = (4,2,2). 
The up-quark Yukawa has a structure 



g6 g5 g3 ■ 

,5 ,4 ,2 



y« = e5 g4 g2 1 ^4g^ 



^3 ^2 



The down quark Yukawa matrix is given by 

Y'=(ciP + KC^]e^^^'^^ , (49) 



where k = 0.3, e = 0.22 and matrices C^^'^-* have a structure of the form 



^7 ^5 ^5' 
c6 ^4 ^4 



Ci,2 = e'' eM . (50) 



e2 £2 



Diagonalization of the Yukawa matrices in this model requires small angle rotations 
in the left-handed sector and large angle rotations in the right-handed sector. The latter 
are correlated with the large neutrino mixing angles in GUT models [35] . 

(iii). A democratic texture. 

A strictly democratic texture predicts one massive and two massless quarks in the up and 
down sectors. Realistic quark masses and mixings can be produced by a perturbation 
around this texture IHEl Ell- Democratic textures can also arise in string models, e.g. 
when the exponential suppression of the twisted sector couplings is not significant (see 
e.g. Abel et al. in [19j). 

In our numerical analysis, we use democratic textures similar to those of Ref. j38j . 

/ 1.013 0.987 0.999 \ 
= 0.987 1.013 0.999 , 

3WSm/^/ ^Q ggg ^ ggg Q ggg^ 



nib 



3v cos P 



0.987 
0.903 
0.967 



0.905 
1.212 
1.008 



0.968 
1.008 



K 



(51) 



-O.Oli „0.01i\ 



ir = diag(l,e-^-^^',e^ 



These matrices are diagonalized by a large angle rotation. 
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4 Experimental constraints 



Before we present our numerical analysis, in this section we collect experimental con- 
straints on various mass insertions and also discuss qualitatively their implications for 
textures (A)-(E). 

Electric dipole moments 

The electric dipole moments of the neutron and mercury atom (and of the electron, in 
the lepton sector) are especially sensitive to flavour conserving LR mass insertions for the 
first generation. In particular, the current bounds 

\dn\ < 6 X 10"^^ e cm , 

Irfngl < 2 X 10-2^ e cm (52) 

impose the constraints p?n]-[lT]: 

|Im(5ir''^)z.fi| <10-^-10-^ (53) 

This implies that the corresponding CP phases of the /i— and A— terms have to be small. 
Clearly, this SUSY CP problem [12] arises for all supergravity textures, including the 
flavour universal one. The unwanted CP phases can be suppressed in some special cases, 
e.g. in the dilaton dominated SUSY breaking scenario with an axionic symmetry (3^ or 
with the help of the CP phase alignment |33], but this requires additional assumptions. 

In the non-universal case, the problem becomes more severe due to additional CP 
phases which appear in the process of diagonalizing the quark mass matrices and the 
enhanced magnitude of the mass insertions [HllHl- For example, 

, A {rriu + gm, + e'mt) 

{hR)ii , (54) 

where A ~ M is the "overall" scale of the A— terms and e, e' are model-dependent coef- 
ficients. This makes it more difficult to satisfy the bound In this sense, the EDMs 
prefer some sort of universality, at least in the A— terms, although they are problematic 
in any case. 

The problem could be partly solved by decoupling the first two sfermion generations 
(although the third generation still contributes to the EDMs through the Weinberg op- 
erator). However, it appears difficult to realize this possibility in specific models. Since 
the overall scale of the soft terms in SUGRA is given by 7713/2, a very large splitting be- 
tween the masses of the first two and the third sfermion generations would require some 
sort of a singularity in the derivatives of the Kahler potential. In practice, this does not 
happen and the non-universality is governed, for instance, by order one modular weights 
(Eq. (|T5|) V Another option would be to assume a large 7713/2 and obtain light, as required 
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by naturallness, third generation sfermions via RG evolution to infrared fixed points. 
However, in this case it would be problematic to get light enough gauginos. 

Given these difficulties, we will not attempt to resolve the SUSY CP problem and, in 
what follows, will simply treat the EDMs as a constraint on all of the SUGRA textures. 



Kaon ohservahles 



The most important observables in the Kaon system are the Kaon mass splitting, AMx, 
and the parameters e and e' measuring CP violation in Kaon decays, 

/\Mk = Mk^ - Mks ^ 3.5 X 10-^^ GeV , 



TTTT 



AiKs 



2.3 X 10' 



where Ao,2 are the K 
ReAs/ReAo ~ 1/22. 



► TTTT J 
UJ 



^ , ImAn ImAo 

V2|e|ReAoV u 



1.9 X 10 



-3 



(55) 



TTTT amplitudes for the A/ = 1/2,3/2 transitions and uj 



These observables place severe constraints on new physics fiavour structures. In par- 
ticular, SUSY contributions mediated by gluinos and squarks generally lead to |AMx|, |e| 
and |e'/e| orders of magnitude too large. For gluino and squark masses of 500 GeV, and 
assuming no accidental cancellations between contributions of different mass insertions, 
the measured AM^ imposes the following bounds on the mass insertions 



Re (5^2) 



2 

LL 



< 4 X 10"^ 

< 4 X 10"^ 



RR 



< 3 X 10' 



while the measured value of the e parameter (32] imposes the bounds 



(56) 



Im {5f,) 



2 

LL 



Im {5f,) 



2 

LR 



< 3 X 10' 



< 4 X 10' 



Im(5f,),, {6f,)^^ 



< 2 X 10' 



(57) 



The bounds on the RR mass insertion are the same as the ones on the LL insertion. All 
these bounds scale as M when the squark masses are changed. Furthermore, the chargino- 
squark loop contributions to AM^ and e impose analogous (although somewhat weaker) 
constraints on the up squark sector mass insertions [UJ. For fi = M2 = 350 GeV and the 
squark masses of 500 GeV, they read 



Re (5i". 



12) LL 



< 1 X 10 



-1 



Im {6 



12) LL 



< 1 X 10 



-2 



(58) 
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Similar constraints involving RR and LR mass insertions are much weaker because of 
the factors niq/Mz suppressing the couplings of the right-chiral squarks to charginos and 
quarks. Finally, for the same gluino and down type squark masses as above, the measured 
value of the e' parameter sets the rough bounds 



Im (5^2) iL < 5 X 10"^ , Im (5^2)^/2 < 2 X 10"^ . (59) 

In addition, from the chargino-up type squark contributions to e' one obtains a rather 
weak limit Im (5i2)ll < 0-3 IIH] and essentially no bound on other mass insertions. 

Let us now discuss implications of these constraints. Clearly, at the electroweak scale 
only little mixing between squarks of the first two generations is allowed. The strongest 
bounds on the chirality conserving mass insertions come from /\Mk and e, while those 
on the chirality changing mass insertions are due to e'. 

In the LL and RR sectors, the allowed mass insertions are of order 10~^ or smaller. This 
means that the soft masses in the original basis are almost diagonal (barring alignment) 
and the diagonal entries are almost degenerate at low energies. In the down sector, the 
most conservative bounds imply that this degeneracy is at a percent level for democratic 
Yukawa textures and at about 10% level for hierarchical textures. In the up sector, the 
mass splittings can be larger^. This implies that the LL and RR sectors are to some 
extent universal at low energies. As we will see in the next section, the RG running from 
the GUT scale to the electroweak scale has an important "aligning" effect. As a result, 
constraints on the high energy values of the soft parameters are milder. 

The situation is very different in the LR sector. Consider the mixing of the first two 
generation squarks and assume that their mixing with the third generation squarks is 
small, <10~^. A natural magnitude of the mass insertion is then (see Eq. 



where ai2, /9i2 are ^ 0{1) model dependent coefficients. It follows that all the bounds 
except for that from e' are satisfied automatically, e' imposes a rather mild constraint on 
the imaginary part of (see, e.g. |1E1)- The same considerations also apply to the up 
squark sector. This means that order one non-universality is allowed in the (12) block of 

The above estimate holds in a wide class of models including those with hierarchical 
textures, matrix-factorizable A-terms, etc. However, it may not apply to the case of 
democratic textures, which we study below numerically. 

Finally, we note that there also exist bounds on products of the mass insertions when 
one goes beyond a single mass insertion approximation. To give an example, chargino- 
squark penguin diagrams with two mass insertions on the squark line modify, in particular, 

^If the CKM matrix is entirely due to the up sector and the Yukawa textures are hierarchical, the 
constraints are particularly weak and no significant degeneracy is required. This, however, appears to be 
a rather special case. 
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the effective Z^ds vertex. The resulting SUSY contribution to BR(K~^ tt^vv) does not 
exceed its measured value provided |Re(5^^)32(5)^/j)3i| < 0.2 IJ^. In SUGRA models, 
this product is expected to be bounded by {rrit/M)^ ~ 10~^ and the constraint is satisfied 
automatically. However, in other scenarios, large SUSY effects in the Z^ds vertex are 
possible. They can lead, in particular, to the branching ratio of the Kl — > 7r°z/z/ decay by 
up to two orders of magnitude larger than the SM prediction jTZj . 



1)0 jjo ^^xing 

The experimental bound on the D^-D^ mixing is 

AMd < 4.8 X 10"^^ GeV . 



(61) 



For the gluino and squark masses of 500 GeV, the constraints on the up type squark mass 
insertions read |1H] : 



Re (5]^. 



12JLL 



Re 



12JLR 



< 5 X 10-2 



< 2 X IQ-^ 



< 1 X 10-2 



(62) 



and they scale as M when the squark masses are changed. The above bounds result from 
the gluino-up type squark contribution to AM^ and are comparable to the ones stemming 
from the chargino-squark contributions to the Kaon observables discussed in the previous 
section. Concerning the LR mass insertions in the up sector, an estimate analogous to 
Eq. (jnni) holds and we reach the same conclusion that order one non-universality in the 
(12) block of the A— terms is allowed. 



B meson observables 



The most important constraints on the flavour changing transitions involving the b 
quark are 

: 3.4 X 10-^^ GeV , 



AMf 



BR{B X,7) ~ 3.3 X 10" 



(63) 



SbO^^Ks - 



0.73 



where S^o^^Ks measures the CP violating asymmetry in the B'^ i^Kg decay, propor- 
tional to r(50 iIjKs) - r(50 -> '^jKs). 

For the gluino and squark masses of 500 GeV, gluino-squark loop contributions to 
AMb^ lead to the following constraints on the down type squark mass insertions 



Re {5i,) 



2 

LL 



Re {5f,) 



LR 



< 1 X 10"^ , 

< 3 X 10^2 _ 



Re (5^3), L (^13) 



' RR 



< 2 X 10-2 



(64) 
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These limits scale as M when the squark masses are changed. S'^o^^^s imposes similar 
constraints on the imaginary parts of the same combinations of the mass insertions [i9l- 
As the value of AM^^ is still not bounded from above by experiment, there are no similar 
limits on the 23 mass insertions. The experimental value of BR(_B Xg"^) sets a limit 
on the absolute value of the (^23)^^ mass insertion p^H] : 

|(4)z.i?|< 1.5x10-2 (65) 

for the gluino and squark masses of 500 GeV and the bound scales as when the squark 
masses are changed. 

Constraints on the up sector mass insertions are quite weak: the chargino-squark 
contribution to AM^^ leads to the bound on (^13)^^ gHI: I ((^13) ll I ^ 0(10"^). The 
insertions ('^la)^^, i^i'ilRL ^^^^ (^23)^^ essentially unconstrained. 

In SUGRA models, the LR mass insertions connecting the third generation with the 
other two are generically of the order 




for i = 1,2 and the experimental constraints are satisfied automatically. Thus, the current 
bounds allow for order one non-universality in the A— terms involving the third generation. 
Some degree of universality is required in the chirality conserving sectors, although the 
constraints are much weaker than those on the mixing of the first two generations. 

To conclude this section, the above simple estimates show that order one nonuniver- 
sality in the A— terms is consistent with the current data, whereas the soft mass terms 
are required to be essentially diagonal and somewhat degenerate at low energies. As 
explained earlier, the corresponding constraints on the high energy parameters are sig- 
nificantly weaker due to the aligning effect of the RG evolution. Below we confirm these 
conclusions numerically. 



5 Numerical results 

In this section, we present results of our numerical analysis for textures (A), (B) and 
(C) and compare them with the experimental constraints listed in section El Barring 
accidental cancellations, these results also apply to texture (D) which is a combination 
of textures (B) and (C). For texture (E), no numerical analysis is needed to see that it 
is inconsistent with the FCNC constraints unless it reduces to one of the special cases 
(A)-(D). 

The numerical analysis of this section is necessary to support our qualitative conclu- 
sions of section 4. Moreover, it illustrates the dependence of the FCNC constraints on the 
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chosen Yukawa textures and on squark and gluino masses. It is also important to study at 
a quantitative level the still remaining room for flavour dependence in the Kahler poten- 
tial and the A— terms in supergravity models, so that prospects for further experimental 
investigations can be assessed. 

In our analysis, we use the Yukawa textures described in section El and the standard 
1-loop RG equations for the evolution of the soft terms from the high energy scale down 
to the electroweak scale. Our results are presented as a function of the high (string) scale 
values of the parameters and compared with the limits on mass insertions. The limits 
shown in the plots are properly rescaled to account for the actual values of low energy 
mass parameters obtained from the RG evolution. 

Texture (A) 

Flavour violating effects are very small, especially in the RR sector. For completeness, 
in Table Q] we provide representative mass insertions generated by the RG running. 



mass insertion 


12 


13 


23 


d, LL 


10-^ 


10-3 


10-2 


d, RR 


10-13 


10-10 


10-8 


d, LR 


10-8 


10-5 


10-5 


u, LL 


10-^ 


10-5 


10-^ 


u, RR 


10-16 


10-12 


10-9 


u, LR 


10-11 


10-8 


10-6 



Table 1: RG generated mass insertions for tan (3 = 3, mg = 200 GeV, Aq = 50 GeV and 
Ml/2 = 100 GeV. 

Texture (B) 

The most important effects are in the LR/RL sector. Figures Jll)-® display the rel- 
evant mass insertions and the experimental bounds for Yukawa textures (i)-(iii), respec- 
tively. At the GUT scale the gaugino masses are fixed to 200 GeV for textures (i), (ii), and 
to 500 GeV for texture (iii). The horizontal axis corresponds to the sfermion masses at the 
GUT scale: rrig = = m|, = m? . The mass scale of the A— terms is taken as /I = m/2 
and order one non-universal entries of Aij are generated randomly. Each panel shows 
combinations of both the LR and the RL mass insertions, e.g. |Re((52j:j) 12 (52^)12)1^''^ and 
l-f^6(('^fl'x)i2('^RL)i2)l^'^^- This explains the presence of two distinct bands in some of the 
panels. 

We see that for the hierarchical Yukawa textures (i) and (ii), the only problematic 
observables are the EDMs, representing the SUSY CP problem. The constraint stemming 
from e' is rather mild. The situation is much worse for the democratic texture (iii), for 
which all the limits imposed by the Kaon observables are exceeded. 
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Texture (C) 

Significant LL and RR mass insertions are induced. In Figures (|H)-(ini), relevant mass 
insertions are shown for the GUT scale boundary condition 

I ml \ 

tuq = mlj = m'^jj = I (67) 

\ m^y 

and Yukawa textures (i)-(iii). As before, the gaugino masses are fixed to 200 GeV for 
textures (i), (ii), and to 500 GeV for texture (iii). mi is generated randomly in the range 
|m -7- m. (In fact, we allow for larger departures from universality than usually exists in 
typical semirealistic models, see Section 2). 

Figures (|H)-(ini) show that the mass insertions grow with m, which is perhaps counterin- 
tuitive. The reason for that is the gluino loop renormalization effect which is more impor- 
tant for small values of m |21j. The low-energy degeneracy parameter {w? — m\)/{rn? + 
A^m^), where A^m^ is induced by the RG running, grows with rn? leading to larger mass 
insertions. This "aligning" gluino effect is very important and can reduce a mass insertion 
by up to an order of magnitude for similar squark and gluino masses. For larger gluino 
masses it is even more important. 

For m ~ Ml/2 and small rotation angles (texture (i)), we see that no significant FCNC 
problem exists. Even if the mass splitting at the GUT scale is of order one, are 
suppressed by both the gluino loop RG effect and the small rotation angle (see Eq. (jiill ). 

For large rotation angles in the right-handed sector (texture (ii)), the problem of 
FCNC becomes more acute, mainly due to the simultaneous presence of large LL and 
RR mass insertions. The most constraining observable here is e. The problem disappears 
eventually as M1/2 increases, yet it still persists for M1/2 = 500 GeV. This is also true for 
texture (iii) as seen in Figs. ()8I9|) . 

An interesting "focusing" effect is seen in Figures ^ and The values of (^23)^^ 
are independent of mi and of the specific Yukawa texture as long as it is diagonalized by a 
small angle rotation in the left-handed sector. This is because the dominant contribution 
to (^23)^^ is due to the top Yukawa RG effect which depends on the CKM matrix only. 

Figures (fTIHl - (fT^ show our results for the case of degenerate first two generations, 

/m^ \ 
rriQ = mfj = ml) = i m^ ' (^^) 

\ ml) 

with ms generated randomly in the range |m m. Again, no problem with FCNC 
arises for texture (i). For texture (ii), there is some tension with e due to large rotations 
in the right-handed sector. The problem becomes milder with increasing gluino mass 
and dissappears for M1/2 = 500 GeV. The FCNC problem is serious for the Yukawa 
texture (iii), in which case the limits stemming from the Kaon and D— meson observables 
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are exceeded for M1/2 = 200 GeV (the B^-B^ mixing imposes only a mild constraint). 
However, no significant FCNC problem exists for heavier gaugino masses, M1/2 = 500 
GeV, as shown in Figures (fT^ and (fT5|) . 

For texture (D), similar conclusions can be drawn by combining the results for tex- 
tures (B) and (C). The main point is that the A— term nonuniversality is essentially 
unconstrained (ignoring the CP problem), while some degeneracy of the diagonal soft 
masses may be required. 



Observable 


Kahler potential fiavour violation 


A— term flavour violation 


^Mk 


problem 


no problem 


e 


problem 


no problem 


e' 


no problem 


no problem 


BR{K -Kvv) 


no problem 


no problem 


AMd 


problem 


no problem 




problem 


no problem 


BR(6 ^ 57) 


no problem 


no problem 


AcAB^i^K,) 


problem 


no problem 



Table 2: Observables and their sensitivity to the source of flavour violation. Here "Kah- 
ler potential flavour violation" refers to misalignment between the Kahler potential and 
the soft scalar masses of Eq. ^ (texture (E)), while "A— term flavour violation" refers 
to misalignment between the A— terms and the Yukawa matrices. The entries indicate 
whether order one non-universality at the high energy scale is in conflict with the partic- 
ular observable when hierarchical Yukawa matrices are assumed. 

Finally, we compare in Table 2 SUSY flavour violation resulting from misalignment be- 
tween the Kahler potential and the soft scalar masses (texture (E)) with flavour violation 
resulting from misalignment between the A— terms and the Yukawa matrices. Clearly, 
the former scenario is strongly constrained. This implies that the Kahler potential and 
the soft scalar mass terms are diagonal (to a good approximation) in the same basis. 
Generally, there are further constraints on the diagonal entries of the soft mass squared 
matrices. These constraints strongly depend on the Yukawa textures. If the Yukawa ma- 
trices are diagonalized by large angle rotations, the diagonal entries must be degenerate 
to a large extent. On the other hand, if the Yukawa matrices are diagonalized by rotation 
matrices similar to the CKM one, order one splittings among the diagonal entries are 
allowed. 



6 Comments on the lepton sector 

So far we have been focusing on the squark sector. In the lepton sector, the analysis be- 
comes more involved due to unknown origin and nature of neutrino masses. For example, 
if they originate from the seesaw mechanism operating at some high scale Mr < Mgtring, 
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one should also take into account effects of the additional Yukawa couplings which gen- 
erate off-diagonal entries in the slepton mass matrices during the RG evolution. We do 
not undertake such an analysis here. Instead, we only make some qualitative remarks 
(neglecting the RG effects). 

The most restrictive observables are the k Ij'j branching ratios 



BR(/i 67) < 1.2 X 10"^^ 
BR(r ^ 67) < 2.7 x 10"^ , 
BR(r ^ ^7) < 5.0 x 10"^ . 



(69) 



The corresponding constraints on the mass insertions can be obtained by rescaling the 
original results of Ref . p^H] . 



< 4 X 10"^ 

< 2 X 10-^ 



(^12) LR 



< 1 X 10"^ 

< 1 X 10^2 



(70) 



for the photino and slepton masses of 100 GeV. The constraint on {^{2) is the same as 
that on {^[2) while the other insertions are essentially unconstrained. 

The bounds (TTni immediately tell us that the LL and RR blocks of the slepton mass 
matrix in the (12) sector are proportional to the unit matrix with good accuracy. As to 
the LR sector, a simple estimate of {^{2) gives 



nie ^ rrin m-j- 

'^12--- + Pl2-~- + 712--- 

M M M 



with ai2, /3i2, 712 - The bounds then imply 



ai2 < 10 



-1 



/5: 



12 



10 



-3 



712 ^ 10" 



(71) 



(72) 



Thus, the alignment between the A— terms and the lepton Yukawa matrices has to be very 
precise,^ in sharp contrast with the squark sector. This suggests that the charged lepton 
Yukawa matrix is diagonal at the high energy scale, presumably due to some symmetry 
such as the lepton number, or that the A— terms are universal. 

The bound on BR(/i — > 67) is expected to be improved by 3 orders of magnitude 
at PSI. The above estimates suggest that a non-zero signal is expected. A negative 
result would mean that the Yukawa matrices and the A— terms are extremely well aligned 
indicating a special symmetry or a special nature of the SUSY breaking. 

and (<5L)ij^ 



®We note that the constraints on ((^13)^^ 
bounded by mr/ifi. 



are trivially satisfied since their magnitude is 
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7 Prospects 



Different processes are sensitive to different chirality types of mass insertions, making it 
possible (at least in principle) to distinguish various supergravity textures. Below we give 
a few examples supporting this point. 

The estimates mean that SUSY flavour effects grow with quark masses. In partic- 
ular, the magnitude of the LR mass insertions involving the third generation is enhanced 
in SUGRA models, which renders their effect potentially observable. They can signifi- 
cantly affect processes sensitive to LR mass insertions. Such processes are loop suppressed 
in the Standard Model and are usually due to penguin-type diagrams. Apart from e' and 
Bt{B —>■ Xg'j), a good example is the (pKs decay (for a recent discussion, see [KT]). 

In this case, the decay is due to the b — > sss transition and the ratio of the SUSY and 
SM decay amplitudes for squark and gluino masses of 500 GeV is given by [52] 

/ /1SUSY\ 

^sSr ^ X li^iRh^ + «l)23] + 0.2 X [(5^ + {SU23] ■ (73) 

Clearly, for {S'[ji)23 ~ 10^^ consistent with the b ^ sj constraint, the SUSY and SM 
contributions are of similar magnitude. On the other hand, the chirality conserving in- 
sertions contribute far less significantly. Since in the SM the CP asymmetry in this decay 
coincides with that in the 'ipKs decay, it provides a sensitive probe for new physics 

contributions to the b sss transition and, in particular, for supersymmetric contribu- 
tions (see e.g. [HHl)- In the pseudoscalar channel of the b sss transition, B^ —>■ rj'Ks, 
the SM predicts the same (within 5-10%) CP asymmetry, whereas supersymmetry gives 

SI 



^SUSY 



^ 100 X [(5^^)23 - (4l)23] + 0.2 X [(5^j23 - {Kr)23] • (74) 



Thus, in SUGRA models one expects (correlated) deviations in both decays. 



Another well known example of a process sensitive to LR mass insertions is the 6 — > 57 
transition (see e.g. [39j). As is clear from the bound (|65|l . {S2s)lr of order 10~^, which 
is natural in SUGRA models, is sufficient to produce significant deviations from the 
SM prediction. On the other hand, to have a similar effect from the LL sector, a large 
(^23) LL = C'(l) would be required. We note that the observation of a direct CP asymmetry 
in the b ^ s^y transition of order few percent would be a clean signal of new physics, since 
the well controlled SM prediction yields the asymmetry of less than one percent. 

An example of a process particularly sensitive to LL and RR insertions is the B^-B^^ 
mixing. For moderate tan/?, the SUSY to SM ratio of the mixing amplitudes is [H^j 

^ 1 X + {5i^)l,] + 30 X [{5i^)l, + {5i,)l,] 

^^-'12 / BO -50 

- 45 X [(<5i^)23(4L)23] - 175 X [{5i^)23{5in)23] (75) 
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for gluino and squark masses of 500 GeV. At large tan/3, other contributions become 
important |55| . Given the limits on ((5^r)23 from 5 — *• 57, the contribution of chirality 
changing mass insertions is negligible, while even a small chirality conserving insertions 
{^llJ^s and {SfiR)23 of order O(10~^) can induce a large departure of AMb^ from the value 
predicted in the SM. 

Essential for identifying the sources of flavour violation are correlations among dif- 
ferent observables. To give an example, suppose that significant deviations from the SM 
predictions are found in the -B^ — > (pKs and —>■ rj'Ks decays. If they are due to LR/RL 
mass insertions, no deviation is expected in the B^-B^^ mixing. On the other hand, if the 
"anomaly" is due to LL/RR mass insertions, the B^-B^ mixing should also be significantly 
affected. Thus, different SUGRA textures lead to different signatures. In principle, a more 
sophisticated network of correlations, including various other observables, can and should 
be developed. This, however, is beyond the scope of the present paper. 

Significant SUSY effects can also be present in the top quark decays. The magnitude of 
i^LR)i3 mass insertions is enhanced due to a large top Yukawa coupling. Since BR(t — * 07) 
is particularly sensitive to LR insertions, BR(t — > C7)~ ^0~^{Slr)23 large departures 
from the SM prediction ~ 10~^^ are expected. 

To conclude, we see that the current 5— physics experiments are beginning to probe 
a natural range of supergravity non-universality in the A-terms. Some processes can 
further probe non-universality in the soft scalar masses, yet in this case it would be 
difficult to define a "natural" range due to larger model-dependence. Correlations among 
various observables can allow one to identify the source of fiavour violation. 

8 Conclusions 

In this paper, we have presented a classification and analysis of fiavour violating sources 
in general supergravity models. The current fiavour physics data lead us to the following 
conclusions: 

1. Flavour violation through the Kahler potential is disfavored, but room for fiavour 
non-universality remains if the Kahler metric is diagonal. This often occurs in string 
models in which the Kahler potential is protected by string selection rules. 

2. Departures from universality of order unity are allowed in the squark sector A— terms. 
Such departures are expected in typical string models. 

3. y4— terms in the charged slepton sector must be very well aligned with the lep- 
ton Yukawa matrix, which points at either a diagonal Yukawa matrix or universal 
A— terms. 

4. A common and rather serious problem in supergravity models is the SUSY CP 
problem. 
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5. The FCXC problem depends strongly on the Yukawa texture and is much milder for 
hierarchical Yukawa matrices. For diagonal squark masses, the problem essentially 
disappears if the Yukawa matrices are diagonalized by small angle rotations or if 
the CKM matrix derives entirely from rotations of the up type quarks. Thus, there 
exist varieties of textures ensuring sufficient suppression of FCNC. 

6. Importance of SUSY flavour effects grows with quark masses. 

7. Current physics experiments are beginning to probe a natural range of flavour 
non-universality in SUGRA models. Correlations among different observables can 
allow one to identify the source of flavour violation. 



Texture 


Hierarchical Yukawas 


Democratic Yukawas 


Mode 


(A) 


no problem 


no problem 


? 


(B) 


no problem 


problem 


b S7, b sss 


(C) 


no serious problem 


problem 




(D) 


no serious problem 


problem 


see (B), (C) 


(E) 


problem 


problem 


see (B), (C) 



Table 3: Compatibility of the supergravity soft term textures with the Yukawa textures. 
Possible detection modes are also indicated. 

It is important to note the difference between the flavour structure of the Standard 
Model and that of supergravity soft terms. In the former, we encounter a hierarchical 
pattern of the Yukawa couplings. In supergravity, the soft terms are logarithmic deriva- 
tives of hierarchical quantities. As a result, mj and A^j are expected to be of the same 
order, in sharp contrast with the Yukawa couplings. 

Finally, from the point of view of avoiding the FCNC problem, Ansatze (A) and 
(B) are clearly preferred. Ansatz (B) represents a rather typical prediction of string 
models (e.g. heterotic string, intersecting branes, etc.). Textures (C) and (D) are also 
allowed under the condition of some degeneracy in the (12) block. Texture (E) is clearly 
disfavored. These conclusions are summarized in Table 3. The main message is that 
the supergravity textures are not necessarily restricted to the universal one and can be 
quite rich, depending on the mechanism generating the Yukawa matrices. These flavour 
structures can be probed experimentally. 
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Figure 1: Phenomenologically relevant combinations of the insertions and {Sj^Y^ 

for the hierarchical Yukawa texture (i) as a function of the universal mass scale m — 2A 
with Ml/2 = 200 GeV, tan/3 = 15 and order one A^f' generated randomly. Each panel 
shows both the LR and RL mass insertions. The experimental limit is represented by the 
curve. 
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Figure 2: As in Figure [T] but for the hierarchical Yukawa texture (ii). 
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Figure 3: As in Figure[T]but for the democratic Yukawa texture (iii) and M1/2 = 500 GeV. 
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Figure 4: Phenomenologically relevant combinations of the insertions (t^^^)^^ and (5^'^) 
for the hierarchical Yukawa texture (i) as a function of the universal mass scale m 
^2 = "^3 with Ml/2 = 200 GeV, A = 0, tan/? = 15 and mi varied randomly in the ran 
m/2 -^ m. The experimental limit is represented by the curve. 
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Figure 5: Phenomenologically relevant combinations of the insertions ((^ii)^"^, {(^rrY^, 
(^ll)^^i (^rr)^^ fo'^ the hierarchical Yukawa texture (i) as a function of the universal mass 
scale m = m2 = with M1/2 — 200 GeV, A — 0, tan/3 = 15 and mi varied randomly in 
the range m/2 m. The experimental limit is represented by the curve. 
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Figure 6: As in Figure HI but for the hierarchical Yukawa texture (ii). 
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Figure 7: As in Figure El but for the hierarchical Yukawa texture (ii). 



36 




m (GeV) 



m (GeV) 



m (GeV) 



Figure 8: As in FigurelUbut for the democratic Yukawa texture (iii) and M1/2 = 500 GeV. 
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Figure 9: As in FigureObut for the democratic Yukawa texture (iii) and M1/2 = 500 GeV. 
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Figure 10: Phenomenologically relevant combinations of the insertions ((^i^)^^ and (5^'^)^^ 
for the hierarchical Yukawa texture (i) as a function of the universal mass scale m = 
nil = "^2 with Ml/2 = 200 GeV, A = 0, tan/? = 15 and rris varied randomly in the range 
m/2 -^ m. The experimental limit is represented by the curve. 
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Figure 11: Phenomenologically relevant combinations of the insertions (^^Li)^^, {(^rrY^, 
(^ll)^^i {^rr)'^^ fo'^ the hierarchical Yukawa texture (i) as a function of the universal mass 
scale m = mi — m2 with M1/2 = 200 GeV, A = 0, tan/3 = 15 and varied randomly in 
the range m/2 m. The experimental limit is represented by the curve. 
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Figure 12: As in Figure fTOl but for the hierarchical Yukawa texture (ii). 
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Figure 13: As in Figure fTD but for the hierarchical Yukawa texture (ii). 
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Figure 14: As in Figure [101 but for the democratic Yukawa texture (iii) and M1/2 
500 GeV. 
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Figure 15: As in Figure [TT] but for the democratic Yukawa texture (iii) and M1/2 = 
500 GeV. 
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